Abstract. Glaciers in the Canadian Rocky Mountains constitute an important freshwater resource. To enhance our understanding of the influence climate and local topography have on glacier area, large numbers of glaciers of different sizes and attributes need to be monitored over periods of many decades. We used Interprovincial Boundary Commission Survey (IBCS) maps of the Alberta-British Columbia (BC) border , BC Terrain Resource Information Management (TRIM) data (1982)(1983)(1984)(1985)(1986)(1987), and Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper (ETM+) imagery (2000-2002 and 2006) to document planimetric changes in glacier cover in the central and southern Canadian Rocky Mountains between 1919 and 2006. Over this period, glacier cover in the study area decreased by 590 ± 70 km 2 (40 ± 5 %), 17 of 523 glaciers disappeared and 124 glaciers fragmented into multiple ice masses. Glaciers smaller than 1.0 km 2 experienced the greatest relative area loss (64 ± 8 %), and relative area loss is more variable with small glaciers, suggesting that the local topographic setting controls the response of these glaciers to climate change. Small glaciers with low slopes, low mean/median elevations, south to west aspects, and high insolation experienced the largest reduction in area. Similar rates of area change characterize the periods 1919-1985 and 1985-2001; −6.3 ± 0.6 km 2 yr −1 (−0.4 ± 0.1 % yr −1 ) and −5.0 ± 0.5 km 2 yr −1 (−0.5 ± 0.1 % yr −1 ), respectively. The rate of area loss, however, increased over the period 2001-2006; −19.3 ± 2.4 km 2 yr −1 (−2.0 ± 0.2 % yr −1 ). Applying size class-specific scaling factors, we estimate a total reduction in glacier cover in the central and southern Canadian Rocky Mountains for the period 1919-2006 of 750 km 2 (30 %).
Introduction
Glaciers in the Canadian Rocky Mountains constitute an important freshwater resource. Glacier meltwater flows into four major watersheds, those of the Mackenzie, Nelson, Fraser, and Columbia river basins and drains into the Arctic, Atlantic, and Pacific oceans. The contribution of meltwater to total discharge may be low, but glacier runoff supplements summer flow and regulates stream temperature, both of which are important for aquatic ecosystems, irrigation, industry, hydro power and human consumption (Henoch, 1971; Barry, 2006; Granshaw and Fountain, 2006; Stahl and Moore, 2006; Moore et al., 2009) . Marshall et al. (2011) quantify summer contributions from glaciers in the Canadian Rocky Mountains east of the Continental Divide at 0.8 % to 7.4 % at downstream sites in the Canadian prairies. Jost et al. (2012) and Jiskoot and Mueller (2012) estimate that the late summer contribution from glaciers west of the Continental Divide to the upper Columbia River basin is ca. 25 %. As glaciers retreat, there is an initial increase in runoff followed by a decline as ice volume is lost; declining glacier runoff is likely now occurring in the Canadian Rocky Mountains (Moore and Demuth, 2001; Moore et al., 2009; Marshall et al., 2011; Kienzle et al., 2012) .
Changes in glacier extent are inextricably linked with climate. Meteorological conditions influence a glacier's mass balance on a seasonal or annual time scale and translate into changes in area over a decadal time scale, depending on a glacier's response time (Jóhannesson et al., 1989; Dyurgerov and Bahr, 1999; Dyurgerov and Meier, 2000; Barry, 2006; Pelto, 2006) . A glacier's response to climate, however, is complicated by local topography and by individual glacier attributes, such as elevation, slope, and aspect. To enhance our understanding of the influence these properties have on glacier area, large numbers of glaciers of different sizes and attributes need to be monitored over periods of many decades. Satellite imagery provides a means for comprehensive, uniform, and frequent monitoring of glaciers globally (Raup et al., 2007) , and extents of glaciers from around the world have been compiled by the Global Land Ice Measurements from Space program (GLIMS; http://www.glims.org). An inventory of western Canadian glaciers for the period 1985-2005 completed by Bolch et al. (2010) is included in the GLIMS database. This inventory includes all glaciers in the Canadian Rocky Mountains, but it is temporally limited.
Glacier area measurements in the Canadian Rocky Mountains prior to the beginning of satellite imagery acquisition are generally limited to a few select glaciers (Ommanney, 2002) with the exception of government mapping projects. One of the earliest map series is the Interprovincial Boundary Commission Survey (IBCS) maps of the Alberta-British Columbia (BC) border. These maps were created between 1903 and 1924, using oblique terrestrial photographs taken from mountain ridges (Interprovincial Boundary Commission, 1917; Wheeler, 1920) . Once properly corrected for topographic distortion and systematic bias, these maps provide an important dataset for extending the glacier inventory of the Canadian Rocky Mountains, thus providing a long-term record of glacier area change.
The objectives of this study are to: (1) calculate changes in glacier cover from 1919 to 2006 for the central and southern Canadian Rocky Mountains; (2) relate changes in area to glacier properties such as slope, aspect, and mean, median, and minimum elevations, and; (3) compare changes in glacier cover to changes in climate.
Study area
We focus on glaciers in the central and southern Canadian Rocky Mountains that were mapped during the 1903-1924 IBCS of the Alberta-BC border. The Rocky Mountains trend north-northwest and form the Continental Divide between Alberta and BC (Fig. 1) . Differential weathering and erosion of uplifted, resistant Paleozoic carbonates and weaker Mesozoic sandstones and shales, and recurrent alpine and continental glaciations, formed the high relief of the region (Heusser, 1956; Osborn et al., 2006) . The two highest peaks in the Canadian Rocky Mountains are Mt. Robson (3954 m above sea level, a.s.l.) and Mt. Columbia (3747 m a.s.l.).
Vegetation in this region is dominated by alpine and subalpine plants (Heusser, 1956; BC Ministry of Forests, 1998) , and the climate is characterized by long winters, short summers, and high amounts of precipitation, with abundant snowfall (BC Ministry of Forests, 1998) . Mean annual temperature ranges from −6.4 • C to −0.2 • C and total annual precipitation ranges from 730 mm to 1970 mm. West of the Continental Divide, climate is strongly influenced by maritime polar air masses; cyclonic storms cross the region from the North Pacific between September and June (Heusser, 1956; Henoch, 1971; Hauer et al., 1997) . East of the Divide, continental polar air masses dominate, particularly during winter (Heusser, 1956; Hauer et al., 1997) . Shea et al. (2004) suggest spring precipitation, annual temperatures, and winter precipitation are the main factors influencing glacier distribution within the Canadian Rocky Mountains.
In 2006, the area of glaciers in the study area was ca. 900 km 2 , representing 50 % of the total glacier cover of the central and southern Canadian Rocky Mountains (Bolch et al., 2010) . Types of glaciers include valley, cirque, and icefield outlet glaciers with a range of surface and frontal characteristics (Heusser, 1956; Denton, 1975; Ommanney, 2002; Schiefer et al., 2008; Jiskoot et al., 2009; Bolch et al., 2010) . Glaciers range in size up to 40 km 2 , have median elevations around 2500 m a.s.l., and predominantly face north to northeast (Schiefer et al., 2008) . The main icefields from north to south are Resthaven, Reef, Hooker, Chaba, Clemenceau, Columbia, Freshfield, Wapta, and Waputik (Fig. 1) . 
The

Interprovincial Boundary Commission Survey maps
The IBCS map series comprise 54 maps at a scale of 1 : 62 500 with a contour interval of 100 feet. Scanned digital copies of the maps were obtained from Library and Archives Canada (http://www.collectionscanada.gc.ca/ index-e.html). Of the 54 maps, 30 contained glaciers and were used in this analysis. We rectified the IBCS maps in PCI Geomatica OrthoEngine v.10.2 using a 5th order polynomial transformation model that adjusts the positions of mapped features based on ground control points (GCPs). We collected 25-40 GCPs per map (Fig. 2 ) from previously orthorectified Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper (ETM+) imagery with errors of ±15 m and ±50 m, respectively (Bolch et al., 2010) . We also used a shaded relief model (hillshading) derived from the BC Terrain Resource Information Management (TRIM) digital elevation model (DEM; Table 1) with a horizontal error of ±10 m and a vertical error of ±5 m (BC Ministry of Environment, Land and Parks, 1992) . Most GCPs were mountain peaks and ridges because they were easy to identify on the maps and are stable, vegetationfree areas. As the polynomial transformation did not use elevation data, we focused on spatially distributed GCPs rather than an altitudinal distribution. However, GCPs from valleys were needed to provide control for glacier termini and map edges. For this purpose, we used the centres of small lakes, as shorelines may have changed over ca. 80 yr. The average root mean square errors (RMSE) in the easting and northing of the GCPs were 12.2 and 11.5 m, respectively, with a minimum value of 2.3 m and a maximum value of 24.9 m. We also visually checked the positions of peaks, ridges, and lakes on the maps against the BC TRIM hillshading and Landsat imagery. If there were noticeable offsets, we adjusted the GCPs to minimize the offsets.
Data collection
We manually digitized glacier extents and contours on the rectified IBCS maps. There are no glacier boundary lines on the maps, although the contour lines over glaciers are blue, rather than brown. We therefore digitized around the blue contours to delineate glacier extents (Fig. 3) . Where maps overlapped, we digitized glacier extents and contours from the map that exhibited the least offset from the Landsat imagery. We also generated a DEM (Digital Elevation Model) by interpolation of the contours from the historic maps using ArcGIS v.9.3, from which we extracted glacier properties.
We compared glacier extents on the IBCS maps with glacier polygons in the Landsat-based glacier inventory of Western Canada (Bolch et al., 2010) . Glacier extents are available for the years 1982 -1987 ble 1). We clipped glacier extents to the IBCS map extents and separated into glacier flowsheds modified from Bolch et al. (2010) . Flowsheds are based on drainage basins and, depending on a specific period, may contain one or several glaciers.
We used the median year of the glacier coverage (1919, 1985, 2001, and 2006) to define approximate acquisition dates for the glacier data as a whole, although individual area change and rates are based on the actual acquisition year for a given flowshed. In the case of the IBCS data, where two maps may have been used to delineate a given flowshed, we used the average date of the maps.
Error analysis
Mapping and printing errors (21 % of flowsheds) were evident in the IBCS maps (Fig. 4a-c) . In some cases, glacier contours were shifted in relation to the land contours, making the location of the glacier margin difficult to determine. In these cases, we placed the glacier margin halfway between the shift of the land and glacier contours. The terminus of Wales Glacier is missing from the IBCS map ( Fig. 4b) , where the cartographer estimated it due to incomplete photographic www.the-cryosphere.net/6/1541/2012/ The Cryosphere, 6, 1541-1552, 2012 coverage (Wheeler, 1988) . Six percent of the glaciers extended beyond the limits of the map sheet. These situations pose a problem in calculating area change for a given flowshed, thus we eliminated them from the analysis.
When we compared IBCS glacier extents with those from 1985, 2001, and 2006, we noticed missing glaciers in one or more of the glacier inventories. In these cases, we manually digitized the extents from the original Landsat imagery that had been used to create the glacier inventory (see Bolch et al., 2010 , for a list of Landsat imagery). We also assembled and edited a ca. 2001 inventory of glaciers for the central Canadian Rocky Mountains, because no finished inventory for this epoch existed in the data originally assembled by Bolch et al. (2010) (Fig. 4d) . We overlaid each glacier on the imagery and manually modified its extents if it had been incorrectly mapped. For the 1985 extents, we did not have a complete set of Landsat images coverage to check the BC TRIM data, thus observed errors (4 %) or missing glaciers (8 %) could not be corrected (Fig. 4e) . Some glacier extents (5 %) could not be added or corrected due to shadows and cloud cover (Fig. 4f) .
To reduce potential bias resulting from these mapping errors and inconsistencies due to missing glaciers, we did not compare changes in glacier area in flowsheds with problematic glaciers and removed them before conducting area change analysis. Of the original 937 flowsheds, 414 were removed (44 % of the flowsheds or 17 % of the glacier area), leaving 523 flowsheds for analysis.
The error terms for glacier extents in the glacier inventory of Western Canada are 3-4 % (Bolch et al., 2010) . However, we had to modify extents for snow cover, shadows, and missing glaciers, and so we calculated new error terms The Cryosphere, 6, 1541-1552, 2012
www.the-cryosphere.net/6/1541/2012/ using a buffer method similar to that in Granshaw and Fountain (2006) and Bolch et al. (2010) . The error term for the 1919 extents is based on a buffer incorporating the RMSE of the map rectification (16 m) and the digitizing error equal to half the width of a contour line (7.5 m). For the imagebased glacier inventories, we used a buffer equal to half the resolution of the data ( Table 1 ). The 1985 glacier extents are derived from BC TRIM data and Landsat imagery; in this case, we used a buffer equal to half of the combined resolution (11 m). Between each period, we calculated a RMSE term using the error estimates from the two years that make up a period. Calculated glacier extent error terms are listed in Table 2 and range from 7.8 % to 13.3 % for the individual years and from 9.8 % to 12.6 % for the periods.
Glacier change analysis
For each flowshed, we calculated the glacierized area and the number of ice masses. We determined the mean, median, and minimum elevations of glaciers within each flowshed, and derived the mean surface slope and aspect from the DEMs (Table 1 ) using zonal statistics (Paul et al., 2009 ). The vertical uncertainties of the 1919 IBCS, BCTRIM/Alberta, and SRTM DEMs are ±40 m, ±5 m (BC Ministry of Environment, Land and Parks, 1992) , and ±10 m (Farr et al., 2007) , respectively, although these values may be higher in the accumulation areas due to poor contrast of the original aerial and terrestrial photographs or radar penetration (Bolch et al., 2010) . Using the Solar Radiation tool (algorithms developed by Fu and Rich, 2002) in ArcGIS v.9.3, we produced a surface of clear sky incoming solar radiation (insolation, W h m −2 ) from the BC TRIM/Alberta DEM. We calculated absolute (km 2 ) and relative (%) area change and rates between successive years, and compared them with the properties mentioned above.
Climate data
We obtained monthly minimum, mean, and maximum temperatures and monthly total precipitation from 1901 to 2006 at the centre of each glacier, based on latitude, longitude, and elevation, using the ClimateWNA v.4.62 program (http://www.genetics.forestry.ubc.ca/cfcg/ ClimateWNA/ClimateWNA.html). This program extracts climate data at specific locations from downscaled PRISM and historical data using anomalies (Wang et al., 2012) . Anomaly surfaces are derived from interpolated historical data created by Mitchell and Jones (2005) and from a baseline reference grid (2.5 arc min) of monthly climate data for the period 1961-1990 generated by PRISM (Daly et al., 2002) . The program uses bilinear interpolation and monthly variable lapse-rate elevation adjustments to integrate the historical anomaly surfaces and the baseline grid and downscale the climate data at a specific location (Wang et al., 2006 (Wang et al., , 2012 Mbogga et al., 2009 ). More detailed information on the downscaling methodology can be found in Wang et al. (2012) . The ClimateWNA data has not been validated for downscaling and statistical extrapolation to individual glaciers. However, we use the data to provide a general picture of the climate over the period of the study. We calculated total annual precipitation based on the hydrologic year, October to September, as well as total precipitation during the ablation (May to September) and accumulation (October to April) seasons. Total precipitation was used because snow is common throughout the year at www.the-cryosphere.net/6/1541/2012/ The Cryosphere, 6, 1541-1552, 2012
high elevation. We determined minimum, mean, and maximum annual temperature, in addition to ablation and accumulation season temperature. We derived temperature and precipitation anomalies from the 1919-2006 annual and seasonal means and grouped them into three periods: 1919-1985, 1985-2001, and 2001-2006 . We chose these three periods to match the periods of area changes and rates, being well aware that glacier changes in area are always a delayed reaction to climate change.
Results
Glacier properties
We inventoried 569 glaciers in 523 flowsheds along the Alberta-BC border from the IBCS maps, which constitutes about 50 % of the glacier area in the central and southern Canadian Rocky Mountains. The total area of glacier ice in the study area in 1919 was 1470 ± 160 km 2 (Table 3) . Each flowshed represents the total area of ice within it and may include multiple individual ice masses (e.g. an avalanche-fed glacier with a separate accumulation area or disconnected tributary glaciers). For the 1919 data, however, the glacierized area within a flowshed is considered to represent a single body of ice. Glacierized areas and numbers of glaciers in 1919 were determined for different regions within the study area, for the east and west sides of the Continental Divide, and for river basins, aspect, and glacier size (Fig. 5) . Areas with the largest total glacier area and glacier numbers were the southern Canadian Rockies, the east side of the Continental Divide, and the Columbia River Basin. In 1919, most glaciers faced north and northeast; the fewest glaciers faced south to west. We separated glaciers into six size classes based on their 1919 areas: 0.05-0.1 km 2 , 0.1-0.5 km 2 , 0.5-1.0 km 2 , 1.0-5.0 km 2 , 5.0-10.0 km 2 , and >10.0 km 2 . In 1919, the 1.0-5.0 km 2 size class contained the greatest number of glaciers (37 % of the total). The three classes of glaciers smaller than 1.0 km 2 accounted for 49 % of the total number. Glaciers in the >10 km 2 size class had the largest composite area (41 %).
We compared the 1919 glacier distribution to the distribution in the glacier inventory of the entire central and southern Canadian Rocky Mountains created by Bolch et al. (2010) . Using a chi-squared test, we determined that the area distributions are similar for all categories except for the regional and Continental Divide categories (p ≤ 0.05). For the glacier number distributions (Fig. 5a) , only the size categories are significantly different between the two datasets (p ≤ 0.05).
In 1919, glacier areas ranged in size from 0.06 ± 0.01 km 2 to 50 ± 6 km 2 (Freshfield Glacier); the mean glacier area was 2.9 ± 0.3 km 2 . Glacier ice was present between elevations of 1410 and 3860 m a.s.l. and glaciers had a mean elevation range of 620 m. Both mean and median elevations of the glaciers were 2470 m a.s.l.; glaciers with the highest mean 
Area change
Between 1919 and 2006, the total glacier cover in the study area decreased by 590 ± 70 km 2 (40 ± 5 %) at a rate of −6.8 ± 0.9 km 2 yr −1 (−0.5 ± 0.1 % yr −1 ). The greatest absolute area loss was in the 1.0-5.0 km 2 size class (Table 3) , but relative area loss was greatest in the 0.5-1.0 km 2 size class. Glaciers smaller than 1.0 km 2 lost on average 64 ± 8 % of their area. Large glaciers (>10.0 km 2 ) had the smallest relative area loss. Relative area change becomes increasingly variable with smaller glaciers (Fig. 6) .
Total absolute and relative rates of glacier area change in the study area are given in Table 3 . The median absolute rates of glacier area change for the periods 1919-1985 and 1985-2001 are similar, −0.0065 ± 0.0006 km 2 yr −1 and −0.0047 ± 0.0005 km 2 yr −1 , respectively (Fig. 7) . Corresponding median relative rates of glacier area change for these two periods are −0.50 ± 0.05 % yr −1 and −0.45 ± 0.04 % yr −1 , respectively. The absolute median rate of area change for the period 2001-2006 is significantly higher, −0.0200 ± 0.0025 km 2 yr −1 ; the relative median rate is −1.67 ± 0.21 % yr −1 . These patterns in absolute and relative rates of area change are consistent across the different glacier size classes. We estimated the total change in glacier area between 1919 and 2006 for the entire central and southern Canadian Rocky Mountains as inventoried by Bolch et al. (2010) , using the size class scaling method of Paul et al. (2004) . Because the distribution of area by size class is similar between the two datasets, we multiplied our relative area change by the area of each size class of the central and southern Canadian Rocky Mountains. We calculated a total area change of −750 km 2 between 1919 and 2006 (Table 3) . This change indicates a glacier covered area of 2500 km 2 in 1919.
Area change with glacier attributes
We compared absolute and relative changes in glacier area within the study area to the following glacier attributes: minimum, mean, and median elevations; surface slope; latitude and longitude; and insolation. Over all periods, absolute area changes correlate moderately with minimum elevation (mean r = 0.43, p < 0.01) and mean slope (mean r = 0.40, p < 0.01). This result indicates that glaciers with lower minimum elevations and slopes lost more absolute area. These two properties, however, are also moderately correlated with glacier area (r = −0.51 and r = −0.39, respectively). Therefore, large glaciers tend to have the lowest minimum elevations and slopes and lost the most area. No moderate or strong correlations exist among any of the attributes and relative changes in glacier area.
We determined the relative glacier area change from 1919 to 2006 for each attribute class (Fig. 8) . Relative area change increased with low mean, and median elevation, small elevation ranges, and high minimum elevations. Glaciers with moderately steep surface slopes had small relative area changes; in contrast, glaciers with slopes >30 • had a large relative area change. There did not appear to be any trends in relative area change with other glacier attributes including insolation, aspect, region, basin, or position relative to the Continental Divide. We determined the relative area change from 1919 to 2006 for each attribute class for glaciers <1 km 2 (Fig. 8) . The trends were similar to those obtained for all glaciers, except for insolation. The 800-850 kW h m −2 insolation class had the highest relative area change. Glaciers with south to west aspects had greater relative area change than glaciers with north to east aspects. 
Climate
Discussion
Area change
Total ice cover in our study area, decreased 590 ± 70 km 2 (40 ± 5 %) between 1919 and 2006. The sources of uncertainty lie primarily in the IBCS maps where some glaciers may have been incorrectly mapped due to snow cover, or estimated where photographic coverage was incomplete or the perspective was poor (Wheeler, 1988) . In addition, shadows, debris cover, snow cover, and clouds introduce uncertainties in all years.
We compared our results to those of Bolch et al. (2010) for the southern and central Canadian Rocky Mountains. A perfect comparison was not expected because we modified and edited the glacier extents and used a subset of their glacier inventory data. Nevertheless, we found good agree- Direct comparisons with other inventories are difficult, because most values are calculated for different periods. Interpretation differences, mapping errors, and the number of glaciers may also contribute to discrepancies among inventories. Other glacier area change estimates for the Canadian Rocky Mountains include −15 to −25 % from ca. 1950 to 2000 (Luckman and Kavanagh, 2000; DeBeer and Sharp, 2007) , and −22 to −36 % from 1975 to 1998 (Demuth et al., 2008) . Jiskoot et al. (2009) determined rates of area change of −9 % per decade and −19 % per decade for the Clemenceau and Chaba icefields, respectively, from 1985 to 2001. Our rate of area change over the same period for the Chaba Icefield is −7 % per decade, which is closer to Jiskoot et al.'s (2009) rate of area change for the Clemenceau Icefield. The latter is not covered by the IBCS maps. However, Jiskoot et al. (2009) used different source data for the 1985 glacier extents with a larger extent of some glaciers of the Chaba Icefield than we used for our 1985 glacier extents.
Glaciers in the northern and southern Coast Mountains of British Columbia shrank less (−8 to −10 % from 1985-2005) than those in the Canadian Rocky Mountains, primarily due to the larger sizes of glaciers in the former area and possible influence of a maritime climate (Bolch et al., 2010) . Most inventories of Northern Hemisphere glaciers are based on the last half of the 20th century and indicate area losses from 7 to 32 % (Kääb et al., 2002; Paul et al., 2004; Granshaw and Fountain, 2006; Bolch, 2007) . Two studies report glacier area change over longer periods: a 23 % decrease between 1930 and 2003 for Jotunheimen, Norway (Andreassen et al., 2008) ; and 49 % and 35 % decreases between 1850 and the mid-1970s for glaciers in the New Zealand and European Alps, respectively (Hoelzle et al., 2007) . Of the glaciers inventoried in this study, glaciers less than 1.0 km 2 lost the greatest percentage of their area. This result is consistent with those of the majority of the studies mentioned previously (e.g. Kääb et al., 2002; Paul et al., 2004; Granshaw and Fountain, 2006; Demuth et al., 2008) . Granshaw and Fountain (2006) argue that this difference is due to the high area-to-volume ratio of small glaciers; for the same ablation rate, small glaciers would shrink faster. Another possible explanation is that small glaciers have a higher perimeter-to-area ratio, which makes them more susceptible to radiation from the surrounding terrain (Demuth et al., 2008; Jiskoot and Mueller, 2012) . The greatest absolute area loss is in the 1.0-5.0 km 2 class (Table 3) . DeBeer and Sharp (2007) found that the high loss of area for glaciers in this size class is due both to the large number of glaciers of this size and the high losses of individual glaciers. An apparent trend in our data and in other published datasets (e.g. Kääb et al., 2002; Granshaw and Fountain, 2006; DeBeer and Sharp, 2007; Andreassen et al., 2008) is the increase in the variability of relative area change with decreasing glacier size (Fig. 6 ). This trend likely arises from non-climatic factors such as local topography, hypsometry, and variable debriscover, which may have a stronger influence on a glacier's response than regional climate (Kääb et al., 2002; Granshaw and Fountain, 2006; DeBeer and Sharp, 2007; Hoffman et al., 2007; Andreassen et al., 2008; Jiskoot et al., 2009 ).
Area change with glacier attributes
Absolute area change is most closely related to glacier size, but moderate correlations were also found with glacier slope and minimum elevation. These attributes are typically associated with larger glaciers, which lost the greatest absolute area over the period . Correlations between absolute area change and slope were also noted by Andreassen et al. (2008) and Jiskoot et al. (2009) . Glaciers with low slopes (<15 • ) or low mean/median elevations lost the greatest percentage of their area, possibly reflecting differences in glacier dynamics and mass balance. Glaciers with low slopes may transfer mass more slowly to low elevations (i.e. they have long response times) where the majority of area loss occurs (Jiskoot et al., 2009 ). Ablation at low elevations, that occurs persistently faster than ice is transmitted down slope, can result in a large loss of area over time. Glaciers situated at low elevations are subject to warmer temperatures and potentially higher ablation rates compared to glaciers at high elevations. Over time high mass loss can translate into large relative area loss. Relative area change by region, basin, or side of the Continental Divide are similar among the attribute classes.
Relative area change between 1919 and 2006 for glaciers less than 1.0 km 2 in area was similar to all other glaciers, but other trends emerged from the insolation and aspect attributes. Relative area loss was high for south-to west-facing glaciers, which receive high insolation, but small glaciers at high elevations lost the least relative area. DeBeer and Sharp (2007) found that small glaciers (<0.5 km 2 ) experienced little or no change. Smaller glaciers tend to be located in more sheltered locations, at high elevations, at sites with reduced insolation or that have inputs from avalanching or wind (DeBeer and Sharp, 2007; Demuth et al., 2008) . This sheltering effect may be present in our data, because although we observed large percentages of area loss for small glaciers, the 0.5-1.0 km 2 class lost the highest percentage, not the smallest class (<0.1 km 2 ). Bolch et al. (2010) , and is smaller than the error estimates ( Table 2 ). The rate of area loss between 2001 and 2006 is three to four times the rates of the previous two periods. However, the first period spans more than six decades and includes shorter intervals with different rates of loss, whereas the last period (2001) (2002) (2003) (2004) (2005) (2006) ) is a half decade long and may be a period characterized by high rates of loss. So the direct comparison of area change rates referring to periods of differing length has to be done with caution, since the shorter the period analyzed, the less robust are the trends. The period 1919-1985 was a time of highly variable climate. Around the 1920s, some glaciers in the Canadian Rocky Mountains were still near their Little Ice Age maximum extents (Field, 1948) . From the 1920s to the 1950s, climate was warm and dry (Field, 1948; Heusser, 1956; Luckman and Kavanagh, 2000) , while the second half of the period, was cool and wet (Henoch, 1971; Luckman and Kavanagh, 2000) . Unfortunately, these different climates are not captured in the climate data, because the differences are averaged out over the long period. Positive temperature anomalies (ca. 0.5 • C) and high accumulation season precipitation anomalies (ca. 110 %) characterize the period 1985-2001. Warmer temperatures during this period are also mentioned in other studies (Pelto, 2006; Hoffman et al., 2007) . Positive temperature anomalies (>0.5 • C above average) and low precipitation anomalies (ca. 90 %) characterize the period 2001-2006. However, this period is only five years long and may have been influenced by short term variations in climate.
Area change is not an immediate response to a change in climate. The response time of a glacier depends on its size, attributes, and topography. We thus cannot quantitatively relate our area changes to climate, but we do see similarities in the two over the periods of decades, which are evidenced by the correspondence between rates of area change and the temperature and precipitation anomalies ( Fig. 7 and 9) . From 1919 to 2006, temperatures increased, precipitation decreased, and rates of area loss increased.
Conclusions
We used IBCS maps from 1919 and a portion of the Western Canada glacier inventory from 1985, 2001, and 2006 to determine area change of glaciers in the central and southern Canadian Rocky Mountains. The main uncertainties and errors arise from data quality and availability. Errors in the IBCS maps included mapped snow patches, inconsistent glacier extents, and incorrect termini. Although large errors are associated with the IBCS maps, they still are a useful source of information on early 20th century glacier extents and elevations. Over long periods, glacier changes are significantly larger than the errors in the maps. Other sources of error in the most recent datasets include late-lying snow, shadows, and debris cover, which hinder glacier delineation. Data for the entire study area were available for only four temporal datasets, and thus area change could only be evaluated over three periods. Averaging over the period 1919-1985 obscures short-term glacier change and climate variability.
Area change is influenced predominately by glacier size, with large glaciers losing the most absolute area and small glaciers losing the greatest percentage of their area. Variability in relative area change increases with smaller glaciers, suggesting that local non-climatic factors modulate the response of these glaciers to climate change. Aspect, slope, and elevation influence the amount of area change experienced by the glaciers. In addition to the attributes considered in this study, future research should focus on other attributes related to glacier type and source of nourishment (i.e. outlet, cirque, avalanche-fed, and debris-covered glaciers), in order to better understand how these factors influence glacier change.
